Using helium cluster-isolation spectroscopy we have prepared and characterized the lowest quartet state (1 4 A 0 2 ) of the sodium trimer. Upon excitation to the 2 4 E 0 electronic state, laser induced fluorescence excitation and emission spectra have been obtained. With the aid of ab initio calculations, the spectra have been vibronically assigned and new insights on the nonadditivity of van Alkali clusters are often viewed as small model systems of a metal and the size dependence of their electronic and geometrical properties has been the subject of many investigations [1] . The main goal of these studies is to understand how the covalent bond of alkali dimers evolves into the metallic binding of the bulk elements. The situation is different when aggregates of alkali atoms with parallel electron spins are formed. These high spin states are bound only by van der Waals forces due to the balance of long range dispersion attraction and short range overlap repulsion [2] . While typical model van der Waals systems (i.e., the inert gases) have rather undeformable valence electron shells, spin-polarized alkali clusters provide excellent examples of systems in which Pauli repulsion can cause large distortions in the spatial distribution of the valence electrons. Since aggregates of spin polarized alkalis possess easily accessible optical spectra, they are particularly suitable as a sensitive testing ground for the theory of van der Waals forces in systems with highly deformable outer electron shells.
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Traditionally two-body forces are assumed to be dominant in van der Waals systems. However, it has been shown that many-body effects can play a crucial role in the explanation of important material properties [3] . The balance between dispersion and overlap contributions to three-body forces has been the subject of frequent discussions in the literature. The study of a system where this balance is different than in the usual closed shell systems should increase our understanding of this important question of molecular physics.
In this Letter, we report on the first spectroscopic analysis of alkali trimers in the quartet manifold. These spin-polarized clusters are produced by attaching alkali atoms to large helium clusters where the formation of the complexes can occur in the absence of spin relaxation [4] . Since the alkalis are found to reside on the surface of the clusters, the perturbations introduced by the latter are small, and for the purpose of the present work, can be neglected. Using laser excitation and emission spectroscopy, we are able to identify the lowest 4 A 0 2 state of Na 3 and obtain its vibrational frequencies. This is done with the help of ab initio theory, carrying out coupled cluster calculations with single, double, and noniterative triple excitations [CCSD(T)] that show the presence of strong nonadditive effects. In particular, the so determined asymmetric stretch frequency in the lowest quartet state provides a sensitive measure of the threebody contributions to the potential energy. In a typical supersonic beam expansion, molecules and clusters are produced predominantly in their lowest energetic state that possesses the strongest bonds. Weakly bound high spin states are generated only in small quantities. Only recently, Färbert et al. [5] successfully studied sodium dimers in their lowest triplet state using a conventional molecular beam. Using large helium clusters as a substrate, we recently observed [4] the formation of large quantities of alkali dimers in the 1 3 S 1 u state confirming and extending the results of Ref. [5] . To extend our investigation to the high spin state of the trimers we used a modified version of an apparatus that has been described in more detail previously [6] . Helium clusters ranging in average size up to 10 4 atoms per cluster are prepared in an expansion of helium gas through a 10 mm nozzle at a temperature of 17.5 K and a stagnation pressure of 5.4 MPa. A short distance after the beam is collimated by a 400 mm skimmer the clusters cross a pickup cell [7] that is connected to an alkali reservoir. A few centimeters downstream, the doped clusters cross the output beam of a tunable continuous wave dye laser at the center of a two-mirror laser induced fluorescence (LIF) detector. Emission spectra were obtained using a monochromator coupled to a liquid nitrogen cooled charge coupled device. Figure 1 shows the previously unassigned laser excitation spectrum taken in the region between 15 800 and 16 500 cm 21 that has been reported in [6] and is the starting point of the present investigation. The intensity of this optical system depends on the third power of the Na partial pressure inside the pickup cell. This is consistent with a trimer transition. The known B 2 A 0 1 √ X 2 B 2 system of Na 3 lies in this wave number region but exhibits a different vibronic structure [8] . Our recent studies of the spectra of alkali dimers, carried out in the same apparatus [4, 6] , have revealed that triplet systems appear to be stronger than their singlet counterparts by up to 3 orders of magnitude. This can be attributed to the fact that when an Na 2 ͑X͒1 1 S 1 g ground state is formed, approximately 6000 cm 21 of energy will be released and cause the evaporation of approximately 1000 helium atoms from the cluster or even the desorption of the alkali molecule. The ͑a͒1 3 S 1 u state is bound only by 170 cm 21 [9] the dissipation of which poses no problem for the survival of the alkali-helium cluster complex. For the same reason, our experiment favors the observation of high spin states of trimers over the detection of the more strongly bound low spin complexes. Furthermore, multireference configuration interaction calculations predict a 2 4 E 0 √ 1 4 A 0 2 transition of the sodium trimer around 15 500 6 1000 cm 21 with an oscillator strength of 0.5, in agreement with the spectrum depicted in Fig. 1 . Because of the low temperature of the clusters (0.37 6 0.05 K [10] ), only the lowest vibrational level of the 1 4 A 0 2 state is populated. All structure in Fig. 1 is due to the excitation of vibronic levels in the 2 4 E 0 state. The large intensity of the lowest energy band indicates that the molecule has a similar geometry in both electronic states, with the FrankCondon principle favoring Dy 0 transitions. All bands are asymmetrically broadened to 30 cm 21 FWHM, with a tail towards the blue. Similar broadening is observed in our alkali dimer spectra [4] and is attributed to the interaction with the helium cluster and its excitations. Peak positions are given in Table I. The 2 4 E 0 state experiences Jahn-Teller coupling that should be weak due to similar geometries in the upper and lower states. There is no analytical expression for the energy in an intermediate case of vibronic coupling and the secular equation must be solved [11] . The variation of energy versus the magnitude of the linear coupling parameter in the E ≠ e problem is depicted in [11] . In their report on the precise structure of the benzene cation, Lindner et al. [12] recently displayed a correlation diagram for the ordering of levels due to the linear Jahn-Teller effect. Accordingly, a linear coupling constant k between 0.5 and 1 (in units of n 2 ) can produce the observed spectral structure in Fig. 1 . In this parameter regime, the states are still characterized by n 2 , the quantum number for the degenerate asymmetric vibration, while l, the quantum number of the vibrational angular momentum, is not meaningful any more, but has to be replaced by the pseudorotation quantum number j l 1 1͞2 with j 1͞2, 3͞2, 5͞2, . . . , n 2 1 1͞2 [11] .
All excitation takes place from the lowest level of the 1 4 A 0 2 state that has A 0 1 vibronic symmetry. The vibronic levels n͑ j͒ of the 2 4 E 0 state have E symmetry for j 1͞2, 5͞2, 7͞2, 11͞2, . . . and A symmetry consisting of an A 1 , A 2 pair for j 3͞2, 9͞2, 15͞2, . . . [11] . The latter levels cannot be excited from the ground state. For linear Jahn-Teller coupling, only n 2 ( j 1͞2) lines would appear in the spectrum. Adding quadratic coupling makes the other E symmetry levels accessible from the zero point level of the ground state [11] . Diagonalization of the Hamiltonian matrix using harmonic oscillator basis functions (see [12] ) yields the result that the spectrum in Fig. 1 [12] . The corresponding quantum number assignments of the peaks and calculated transition wave numbers are included in Table I . An excitation spectrum was calculated using a Gaussian line shape function and is depicted in Fig. 1 .
Information about the lowest quartet state was obtained by recording an emission spectrum with the laser frequency positioned at 15 817.8 cm 21 shown in Fig. 2 . The strongest fluorescence occurs at about 15 792 cm 21 , 35 cm 21 to the red of the energetically lowest excitation. Additionally, other bands have been detected to the blue of the laser excitation frequency that are described and analyzed in a separate paper [13] . They are related to dissociative decay channels involving the coupling of the quartet to the doublet state followed by desorption of atomic and molecular fragments from the helium cluster. The broad line shape in the emission spectrum shown in Fig. 2 is caused by the excitation of the trimer displacement mode from the helium cluster surface. The configuration for the symmetric stretch coordinate at the [CCSD(T)] level [14] using an extended one-electron basis set. This approach yields a satisfactory pairwise potential curve for the triplet dimer, with a calculated well depth of 176 cm 21 compared to the experimental value of 174.5 cm 21 [9] . The total interaction energy for the trimer was represented as a sum of the two-body and three-body terms. The two-body interaction energy between two sodium atoms (V 2 ) with parallel spins was represented by the analytical form suggested by Douketis et al. [15] :
The long range dispersion coefficients (C 6 , C 8 , C 10 ) calculated by Marinescu and Dalgarno [16] for Na 3s were used. The universal damping functions f and g scale with r, which is determined by the ionization potentials of the two interacting atoms [15] . The parameters of DE SCF ͑r͒ were determined by a fit to the SCF energy of the 1 3 S 1 u state of Na 2 . This two-body functional form was adopted to obtain the nonadditivity (V 3 ) of the potential surface using the following equation applied to the equilateral geometry where r r 12 r 23 r 31 :
The ab initio three-body D 3h data were fit to the empirical formula [17, 18] : 
where f͑r͒ 1 2 r h e 2lr is a damping function used to reproduce the correct form of the nonadditivity at short internuclear separations. A 3 , g, h, and l are adjustable parameters. Equation (6) was found to give a reliable estimation of the three-body term for an energy calculated at a C s geometry. The result is a potential whose binding energy relative to three free ground state Na atoms is 850 cm 21 at an internuclear separation of 4.4 Å. At this distance, the dimer is bound by 52 cm 21 , showing the strong nonadditivity of the potential energies. The parameters of the potential surface are listed in Table II .
The vibrational levels of the 1 4 A 0 2 state were calculated using the TRIATOM suite of programs [19] . The Hamiltonian for the triatomic system was set up using bodyfixed coordinates (r 1 , r 2 , u) where r 1 and r 2 are two bond lengths of the trimer and u is the included angle. A Morse oscillator basis set consisting of 900 functions was used and the Hamiltonian was diagonalized to give the corresponding eigenvalues. The comparison of the calculated energy levels and the experimental emission spectrum is given in Fig. 2 . The calculated vibrational fundamentals of the two normal modes are n 1 38 cm 21 for the symmetric stretch and n 2 41 cm 21 for the degenerate asymmetric stretch and are in good agreement with the measured emission spectrum.
The intensities of the n 2 progression in the emission spectrum arising from the excitation of the 0-0 level can be calculated using the Jahn-Teller coupling parameters given above. The intensities are also in good agreement with the experimental results which confirms that the Jahn-Teller distortion in the excited state is small in magnitude but large enough to allow significant intensity in the transitions to both even and odd quanta of the asymmetric stretch.
In summary, we have shown that aggregates of spinpolarized alkalis can be formed and spectroscopically studied by our helium cluster isolation technique. The first optical quartet system of the sodium trimer has been investigated at vibrational resolution. Information has been obtained on the vibronic structure of the 2 4 E 0 excited state. With the aid of ab initio calculations, potential parameters have been obtained for the lowest quartet state. The nonadditive contributions to the interaction energy of this triatomic system have been found to be large. In fact, 80% of the van der Waals binding energy of the spin-polarized Na trimer is due to nonadditive effects.
